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Model Formulation and Implementation:
The Business-as-Usual Scenario 
This appendix is based on three methodology papers and describes the equa-tions used in the IMPACT model and the Water Simulation Model(WSM)—in particular, the connection between the water demand and sup-
ply components and the food production, demand, and trade components is high-
lighted. The data requirements are also described. For IMPACT, see Rosegrant,
Meijer, and Cline (2002); for WSM, see Cai and Rosegrant (2002); and for the com-
bined IMPACT and WSM model, see Rosegrant and Cai (2000).
INTERNATIONAL MODEL FOR POLICY ANALYSIS OF
AGRICULTURAL COMMODITIES AND TRADE (IMPACT) 
Basic IMPACT Methodology
IFPRI's IMPACT model offers a methodology for analyzing baseline and alterna-
tive scenarios for global food demand, supply, trade, income and population.
IMPACT covers 36 countries and regions (which account for virtually all the
world's food production and consumption, see Boxes A.1 and A.2), and 16 com-
modities including all cereals, soybeans, roots and tubers, meats, milk, eggs, oils, oil-
cakes and meals (Box A.1). IMPACT is a representation of a competitive world
agricultural market for crops and livestock. It is specified as a set of country or
regional submodels, within each of which supply, demand, and prices for agricul-
tural commodities are determined. The country and regional agricultural submod-
els are linked through trade, a specification that highlights the interdependence of
countries and commodities in the global agricultural markets.
The model uses a system of supply and demand elasticities incorporated into
a series of linear and nonlinear equations to approximate the underlying produc-
tion and demand functions. World agricultural commodity prices are determined
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Box A.1IMPACT countries, regions, and 
commodities 
1. United States of America 1. Beef
2. European Union (EU15) 2. Pork
3. Japan 3. Sheep and goats
4. Australia 4. Poultry
5. Other developed countries 5. Eggs
6. Eastern Europe 6. Milk
7. Central Asia 7. Wheat
8. Other former Soviet Union (other FSU) 8. Rice
9. Mexico 9. Maize
10. Brazil 10. Other coarse grains
11. Argentina 11. Potatoes
12. Colombia 12. Sweet potato and yams
13. Other Latin America (other LA) 13. Cassava and other roots 
and tubers
14. Nigeria 14. Soybeans
15. Northern Sub-Saharan Africa 15. Meals
16. Central and western Sub-Saharan Africa 16 Oils
17. Southern Sub-Saharan Africa 
18. Eastern Sub-Saharan Africa 
19. Egypt
20. Turkey 
21. Other West Asia and North Africa (WANA)
22. India
23. Pakistan
24. Bangladesh
25. Other South Asia
26. Indonesia
27. Thailand
28. Malaysia
29. Philippines
30. Viet Nam
31. Myanmar
32. Other South East Asia
33. China
34. South Korea
35. Other East Asia
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Box A.2Definitions of IMPACT countries and regions
WESTERN WORLD
1. Australia
2. European Union (EU 15): Austria, Belgium, Denmark, Finland, France,
Germany, Greece, Ireland, Italy, Luxembourg, the Netherlands, Portugal,
Spain, Sweden, and the United Kingdom
3. Japan
4. United States
5. Other developed countries: 
Canada, Iceland, Israel, Malta, New Zealand, Norway, South Africa, and
Switzerland
6. Eastern Europe: 
Albania, Bosnia-Herzegovina, Bulgaria, Croatia, Czech Republic,
Hungary, Macedonia, Poland, Romania, Slovakia, Slovenia, and
Yugoslavia
FORMER SOVIET UNION (FSU) 
7. Central Asia: 
Kazakhstan, Kyrgyzstan, Tajikistan, Turkmenistan, Uzbekistan
8. Other Former Soviet Union: 
Armenia, Azerbaijan, Belarus, Estonia, Georgia,
Latvia, Lithuania, Moldova, Russian Federation, and Ukraine
DEVELOPING COUNTRIES AND REGIONS
Central and Latin America
9. Argentina
10. Brazil
11. Colombia
12. Mexico
13. Other Latin America: 
Antigua and Barbuda, Bahamas, Barbados, Belize, Bolivia, Chile, Costa
Rica, Cuba, Dominica, Dominican Republic, Ecuador, El Salvador,
French Guiana, Grenada, Guadeloupe, Guatemala, Guyana, Haiti,
Honduras, Jamaica, Martinique, Netherlands Antilles, Nicaragua,
Panama, Paraguay, Peru, Saint Kitts and Nevis, Saint Lucia, Saint
Vincent, Suriname, Trinidad and Tobago, Uruguay and Venezuela
Sub-Saharan Africa
14. Central and western Sub-Saharan Africa: 
Benin, Cameroon, Central African Republic, Comoros Island, Congo
Republic, Democratic Republic of Congo, Gabon, Gambia, Ghana,
Guinea, Guinea-Bissau, Ivory Coast, Liberia, Sao Tome and Principe,
Senegal, Sierra Leone, and Togo
(continued)
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Box A.2Continued
15. Eastern Sub-Saharan Africa: Burundi, Kenya, Rwanda, Tanzania, and
Uganda
16. Nigeria
17. Northern Sub-Saharan Africa: 
Burkina Faso, Chad, Djibouti, Eritrea, Ethiopia, Mali, Mauritania,
Niger, Somalia, and Sudan
18. Southern Sub-Saharan Africa: Angola, Botswana, Lesotho, Madagascar,
Malawi, Mauritius, Mozambique, Namibia, Reunion, Swaziland,
Zambia, and Zimbabwe
West Asia and North Africa (WANA)
19. Egypt
20. Turkey
21. Other West Asia and North Africa: 
Algeria, Cyprus, Iran, Iraq, Jordan, Kuwait, Lebanon, Libya, Morocco,
Saudi Arabia, Syria, Tunisia, United Arab Emirates, and Yemen
South Asia
22. Bangladesh
23. India
24. Pakistan
25. Other South Asia: 
Afghanistan, Maldives, Nepal, and Sri Lanka
Southeast Asia
26. Indonesia
27. Malaysia
28. Myanmar
29. Philippines
30. Thailand
31. Viet Nam
32. Other Southeast Asian countries: 
Brunei, Cambodia, and Laos
East Asia 
33. China (including Taiwan and Hong Kong)
34. Republic of Korea
35. Other East Asia: 
Democratic People's Republic of Korea, Macao, and Mongolia
Rest of the world (ROW)
36. Cape Verde, Fiji, French Polynesia, Kiribati, New Guinea, Papua New
Guinea, Seychelles, and Vanuatu
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annually at levels that clear international markets. Demand is a function of prices,
income, and population growth. Growth in crop production in each country is
determined by crop prices and the rate of productivity growth. Future productivi-
ty growth is estimated by its component sources, including crop management
research, conventional plant breeding, wide-crossing and hybridization breeding,
and biotechnology and transgenic breeding. Other sources of growth considered
include private sector agricultural research and development, agricultural extension
and education, markets, infrastructure, and irrigation.
IMPACT TECHNICAL METHODOLOGY
Crop Production
Domestic crop production is determined by the area and yield response functions.
Harvested area is specified as a response to the crop's own price, the prices of other
competing crops, the projected rate of exogenous (nonprice) growth trend in har-
vested area, and water (Equation 1). The projected exogenous trend in harvested
area captures changes in area resulting from factors other than direct crop price
effects, such as expansion through population pressure and contraction from soil
degradation or conversion of land to nonagricultural uses. Yield is a function of the
commodity price, the prices of labor and capital, a projected nonprice exogenous
trend factor reflecting technology improvements, and water (Equation 2). Annual
production of commodity i in country n is then estimated as the product of its area
and yield (Equation 3).
Area response:
(1)
Yield response: 
(2)
Production: 
(3)
where AC = crop area 
YC = crop yield 
QS = quantity produced
PS = effective producer price
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PF = price of factor or input k (for example labor and capital)
Π = product operator
i, j = commodity indices specific for crops
k = inputs such as labor and capital
n = country index
t = time index
gA = growth rate of crop area
gCY = growth rate of crop yield
ε = area price elasticity
γ = yield price elasticity
α = crop area intercept
β = crop yield intercept
∆AC = crop area reduction due to water stress
∆YC = crop yield reduction due to water stress
WAT = water variable
Incorporation of Water in Crop Area Functions
Reduction of crop harvested area ∆AC is calculated as:
(4)
(5)
(6)
where ETA = actual crop evapotranspiration in the crop growth season
ETM = potential crop evapotranspiration in the crop growth season
(see description later in Equation 24)
E* = threshold of relative evapotranspiration, below which farmers
reduce crop area
ky = crop response coefficient to water stress. 
Actual crop evapotranspiration includes irrigation water which can be used for
crop evapotranspiration (NIW) and effective rainfall (PE), 
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ETAi = NIWi + PEi
where for rainfed crops, NIW = 0. The determination of NIW for irrigated crops
and PE for both rainfed and irrigated crops will be described later. The determina-
tion of E* is empirical. For irrigated area, farmers can reduce area and increase water
application per unit of the remaining area. Assuming E* = ky - 0.25, Figure A.1
shows relative irrigated yield, area and production versus relative ET. As can be seen,
for irrigated area, when ETA/ETM > E*, farmers will maintain the entire crop area,
and yield is reduced linearly with ETA/ETM; and when ETA/ETM < E*, farmers
will reduce the crop area linearly with ETA/ETM, and maintain constant crop yield
corresponding to E*. Equation 5 is derived based on the assumption that the total
available water can be totally applied in the remained irrigated area.
For the same crop, the value of E* is generally much lower for rainfed areas than
for irrigated areas. For rainfed area, theoretically, when ETA/ETM < E*, farmers will
give up all the area. However, in the real world this may not true. Historic records
show that in a region with arid or semi-arid climate, even in a very dry region, the
harvested rainfed area did not reduce to zero. However, a general empirical rela-
tionship between rainfed harvested area and ETA/ETM is not available from the
existing studies. We assume the FAO yield-water relationship can be applied to har-
vested area and water, which is shown in Equation 6, but with a calibration coeffi-
cient (g). This coefficient for a crop is estimated based on evaluation of rainfed
harvested area and effective rainfall in recent years.   
Figure A.1—Relative irrigated yield, area, and production versus
relative crop evapotranspiration
Source: Authors' assessments.
Notes: E* = 0.6; A indicates area; Am, maximum area; Y, yield; Ym, maximum yield;
P, production; and Pm, maximum production.
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Equations 5 and 6 capture the effect of extreme water shortages on the crop
area decision. The parameter E* will vary with respect to the sensitivity of crops to
water stress. When E* equals 1 all adjustments to water shortages are realized
through area reduction while crop yield is maintained. For crops that are highly sen-
sitive to water stress, (that is, ky > 1.0), E* in fact approaches a value of 1.0 (for exam-
ple, 0.9 or more). For these crops, water shortages are handled by leaving a portion
of the land fallow while maintaining yields on the remaining area, a strategy that
maximizes crop production and returns given the constrained water availability. For
relatively drought-tolerant crops, E* has a lower value. For these crops, maximiza-
tion of production and returns requires spreading the water over as broad an area
as possible to maintain production while reducing crop yields. E* can be estimat-
ed based on a yearly series of historical data including crop area and yield in differ-
ent basins/countries, or can be estimated through a field survey. The modeling
framework currently only incorporates a relationship between E* and the crop
response to water stress (ky). The assumed relationship is E* = ky - 0.25 for irrigated
crops and approximately E* = ky*0.6 for rainfed crops. 
Incorporation of Water in Crop Yield Function
Reduction of crop yield   is calculated as:
(7)
in which b is the coefficient to characterize the penalty item, which should be esti-
mated based on local water application in crop growth stages and crop yield. Here
crop yield reduction is calculated based on seasonal water availability (that is, sea-
sonal ETA), but they are “penalized” if water availability in some crop growth stages
(month) is particularly lower than the seasonal level. All other items have been pre-
viously defined.
Livestock Production
Livestock production is modeled similarly to crop production except that livestock
yield reflects only the effects of expected developments in technology (Equation 9).
Total livestock slaughter is a function of the livestock's own price and the price of
competing commodities, the prices of intermediate (feed) inputs, and a trend vari-
able reflecting growth in the livestock slaughtered (Equation 8). Total production
is calculated by multiplying the slaughtered number of animals by the yield per head
(Equation 10).
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Number slaughtered:
(8)
Yield:
(9)
Production:
(10)
where AL = number of slaughtered livestock
YL = livestock product yield per head
PI = price of intermediate (feed) inputs 
i, j = commodity indices specific for livestock
b = commodity index specific for feed crops
gSL = growth rate of number of slaughtered livestock
gYL = growth rate of livestock yield
α = intercept of number of slaughtered livestock 
ε = price elasticity of number of slaughtered livestock
γ = feed price elasticity
The remaining variables are defined as for crop production.
Demand Functions
Domestic demand for a commodity is the sum of its demand for food, feed, and
other uses (Equation 16). Food demand is a function of the price of the commod-
ity and the prices of other competing commodities, per capita income, and total
population (Equation 11). Per capita income and population increase annually
according to country-specific population and income growth rates as shown in
Equations 12 and 13. Feed demand is a derived demand determined by the changes
in livestock production, feed ratios, and own- and cross-price effects of feed crops
(Equation 14). The equation also incorporates a technology parameter that indi-
cates improvements in feeding efficiencies. The demand for other uses is estimated
as a proportion of food and feed demand (Equation 15). Note that total demand
for livestock consists only of food demand.
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Demand for food:
(11)
where
and (12)
(13)
Demand for feed:
(14)
Demand for other uses:
(15)
Total demand:
(16)
where QD = total demand
QF = demand for food
QL = derived demand for feed
QE = demand for other uses
PD = the effective consumer price
INC = per capita income
POP = total population
FR = feed ratio
FE = feed efficiency improvement
PI = the effective intermediate (feed) price 
i,j = commodity indices specific for all commodities
l = commodity index specific for livestock
b,o = commodity indices specific for feed crops
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gI = income growth rate
gP = population growth rate
ε = price elasticity of food demand
γ = price elasticity of feed demand
η = income elasticity of food demand
α = food demand intercept 
β = feed demand intercept 
The rest of the variables are as defined earlier.
Prices
Prices are endogenous in the model. Domestic prices are a function of world prices,
adjusted by the effect of price policies and expressed in terms of the producer sub-
sidy equivalent (PSE), the consumer subsidy equivalent (CSE), and the marketing
margin (MI). PSEs and CSEs measure the implicit level of taxation or subsidy borne
by producers or consumers relative to world prices and account for the wedge
between domestic and world prices. MI reflects other factors such as transport and
marketing costs. In the model, PSEs, CSEs, and MIs are expressed as percentages
of the world price. To calculate producer prices, the world price is reduced by the
MI value and increased by the PSE value (Equation 17). Consumer prices are
obtained by adding the MI value to the world price and reducing it by the CSE value
(Equation 18). The MI of the intermediate prices is smaller because wholesale
instead of retail prices are used, but intermediate prices (reflecting feed prices) are
otherwise calculated the same as consumer prices (Equation 19).
Producer prices:
(17)
Consumer prices:
(18)
Intermediate (feed) prices:
(19)
where PW = the world price of the commodity
MI = the marketing margin
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PSE = the producer subsidy equivalent
CSE = the consumer subsidy equivalent
The rest of the variables are as defined earlier.
International LinkageTrade
The country and regional submodels are linked through trade. Commodity trade
by country is the difference between domestic production and demand (Equation
20). Countries with positive trade are net exporters, while those with negative val-
ues are net importers. This specification does not permit a separate identification
of both importing and exporting countries of a particular commodity. In the 1995
base year, changes in stocks are computed at the 1994-96 average levels. Therefore,
production and demand values are not equal in the base year. Stock changes in the
base year are phased out during the first three years of the projection period to
achieve long-run equilibrium—that is, a supply-demand balance is achieved with
no annual changes in stocks. 
Net trade:
(20)
where QT = volume of trade
QS = domestic supply of the commodity
QD = domestic demand of the commodity 
i = commodity index specific for all commodities
The rest of the variables are as defined earlier.
ALGORITHM FOR SOLVING THE EQUILIBRIUM 
CONDITION
The model is written in the General Algebraic Modeling System (GAMS) pro-
gramming language. The solution of the system of equations is achieved by using
the Gauss-Seidel method algorithm. This procedure minimizes the sum of net
trade at the international level and seeks a world market price for a commodity that
satisfies Equation 17, the market-clearing condition.
(21)
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The world price (PW) of a commodity is the equilibrating mechanism such
that when an exogenous shock is introduced in the model, PW will adjust and each
adjustment is passed back to the effective producer (PS) and consumer (PD) prices
via the price transmission equations (Equations 17–19). Changes in domestic prices
subsequently affect commodity supply and demand, necessitating their iterative
readjustments until world supply and demand balance, and world net trade again
equals zero. 
Determination of Malnutrition
To explore food security effects, IMPACT projects the percentage and number of
malnourished preschool children (0–5 years old) in developing countries. A mal-
nourished child is a child whose weight-for-age is more than two standard devia-
tions below the weight-for-age standard set by the U.S. National Center for Health
Statistics/World Health Organization. The estimated functional relationship used
to project the percentage of malnourished children in the model is as follows:
(22)
where MAL = percentage of malnourished children
KCAL = per capita kilocalorie availability
LFEXPRAT = ratio of female to male life expectancy at birth
SCH = total female enrollment in secondary education (any
age group) as a percentage of the female age-group cor-
responding to national regulations for secondary edu-
cation, and
WATER = percentage of population with access to safe water.
The percentage of malnourished children derived is then applied to the projected
population of children 0-5 years of age to compute the number of malnourished
children: 
NMALt = MALt x POP5t, (23)
where NMAL = number of malnourished children, and
POP5 = number of children 0-5 years old in the population.
WATER SIMULATION MODEL
The model is based on a river basin approach. Figure A.2 presents maps of the spa-
tial units used in the modeling exercise, including 9 basins in China, 13 basins in
MAL = -25.24 * ln(KCALt) - 71.76 LFEXPRATt - 0.22 SCHt - 0.08 WATERt
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(a) Combined basins
Source : Authors' assessments.
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Figure A.2—IMPACT-WATER spatial elements
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(b) Major basins in China
Source : Authors' assessments based on HPDGJ (1989) and Qian (1991).
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Figure A.2—Continued
(c) Major basins in India
Source : Authors' assessments based on Revenga et al. (1998).
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India, 14 basins in the United States (not pictured), and 33 “aggregated basins” in
other countries or regions (See Box A.1). 1995 is treated as the base year, in which
all demand and supply items are assessed and calibrated. Projections of water
demand and supply are made for the 30 years from 1995 to 2025.
WATER DEMAND
Irrigation Water Demand
Irrigation water demand is assessed as crop water requirement based on hydrolog-
ic and agronomic characteristics. Net crop water demand (NCWD) in a basin in
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a year is calculated based on an empirical crop water requirement function
(Doorenbos and Pruitt 1979): 
(24)
in which cp is the index of crops, ct is the index of crop growth stages, ET0 is the
reference evapotranspiration [L], kc is the crop coefficient, and A is the crop area. 
Part or all of crop water demand can be satisfied by effective rainfall (PE), which
is the rainfall infiltrated into the root zone and available for crop use. Effective rain-
fall for crop growth can be increased through rainfall harvesting technology. Then
net irrigation water demand (NIRWD), with consideration of effective rainfall use
and salt leaching requirement, is: 
(25)
in which AI is the irrigated area., LR is the salt leaching factor, which is character-
ized by soil salinity and irrigation water salinity.
Total irrigation water demand represented in water depletion (IRWD) is cal-
culated as: 
IRWD = NIRWD / BE (26)
in which BE is defined as basin efficiency. The concept of basin efficiency was dis-
cussed, and various definitions were provided by Molden, Sakthivadivel, and Habib
(2001). The basin efficiency used in this study measures the ratio of beneficial water
depletion (crop evapotranspiration and salt leaching) to the total irrigation water
depletion at the river basin scale. Basin efficiency in the base year (1995) is calcu-
lated as the ratio of the net irrigation water demand (NIRWD, Equation 25) to the
total irrigation water depletion estimated from records. Basin efficiency in future
years is assumed to increase at a prescribed rate in a basin, depending on water infra-
structure investment and water management improvement in the basin. 
The projection of irrigation water demand depends on the changes of irrigat-
ed area and cropping patterns, water use efficiency, and rainfall harvest technology.
Global climate change can also affect future irrigation water demand through tem-
perature and precipitation change, but is not considered in the current modeling
framework. 
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Livestock Water Demand
Livestock water demand (LVWD) in the base year is estimated based on livestock
production (QSlv) and water consumptive use per unit of livestock production
(wlv), including beef, milk, pork, poultry, eggs, sheep and goats, and aquaculture
fish production. For all of the livestock products except fish, it is assumed that the
projection of livestock water demand in each basin, country, or region follows the
same growth rate of livestock production. Then livestock water demand is deter-
mined as a linear function of livestock production, assuming no change in con-
sumptive water use per unit of livestock production
LVWD = QSlv . wlv (27)
The water demand for fish production is assumed to grow at the weighted aver-
age of livestock water demand growth.
Industrial Water Demand
Projection of industrial water demand depends on income (gross domestic pro-
duction per capita (GDPC) and water use technology improvement. A linear rela-
tionship between industrial water demand intensity (IWDI per cubic meter of
water per $1,000 GDP) and GDP per capita and a time variable (T) is estimated
by regression based on historical records (Shiklomanov 1999 for industrial water
consumption; World Bank 1998) and adjusted according to our perspectives on
future industrial water demand in different regions and countries.
(28)
in which α is the intercept; β is the income coefficient, reflecting how indus-
trial water use intensity changes with GDPC; and g is the time coefficient, mainly
reflecting the change of water use technology with technology change. It is found 
that for all basins 
and  countries, which shows that in future years, the industrial water use intensity
will reduce with the GDPC and T (T = 95 for 1995; 100 for 2000; and so on). 
Domestic Water Demand
Domestic water demand (DOWD) includes municipal water demand and rural
domestic water demand. Domestic water demand in the base year is estimated based
on the same sources and method as those used for industrial water demand assess-
TGDPCIWDI ⋅+⋅+= γβα
∂T =α>0,
∂IWDI ∂IWDI
∂GDPC = <0,β and
ment. Domestic water demands in future years are projected based on projections
of population and income growth. In each country or basin, income elasticities (η)
of demand for domestic use are synthesized based on the literature and available esti-
mates. These elasticities of demand measure the propensity to consume water with
respect to increases in per capita income. The elasticities utilized are defined to cap-
ture both direct income effects and conservation of domestic water use through tech-
nological and management change. The annual growth rate of domestic water
demand (        ) is a function of the growth rate of population (        ) and that of
income (GDPC,          ), as
(29)
where  = η < 0 implies that per capita domestic water demand will actu-
ally decline with income growth, which happens with some developed 
countries where current per capita domestic water consumption is high; and  
= η > 0 implies that per capita domestic water demand will increase
with income growth, which happens in all developing countries. 
Committed Flow for Environmental, Ecological, and Navigational
Uses
In the modeling framework here, committed flow is specified as a percentage of aver-
age annual runoff. Data is lacking on this variable for most basins and countries, so
an iterative procedure is used to specify this variable where data is lacking. The base
value for committed flows is assumed to be 10 percent, with additional increments
of 20–30 percent if navigation requirements are significant (for example, Yangtze
River basin); 10–15 percent if environmental reservation is significant, as in most
developed countries; and 5–10 percent for arid and semi-arid regions where eco-
logical requirements, such as salt leaching, are high (for example, Central Asia). The
estimated values for committed flows are then calibrated for the base year relative
to basin inflow, outflow, and consumptive use.
Demand for Water Withdrawals
Offstream water demand items described above are all expressed in water deple-
tion/consumption. The demand for water withdrawal is calculated as total water
depletion demand (DWP) divided by the water depletion coefficient: 
(30)
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The value of the water depletion coefficient in the context of the river basin
mainly depends on the relative fraction of agricultural and nonagricultural water use
(that is, larger agricultural water use corresponds to a higher value of water deple-
tion coefficient), as well as water conveyance/distribution/recycling systems and pol-
lution discharge and treatment facilities. In the base year, DC is calculated by given
water depletion (WDP) and water withdrawal (WITHD), and DC in the future is
projected as a function of the fraction of non-irrigation water use: 
(31)
This regression function is made based on historical non-irrigation water deple-
tion and total water depletion in different basins or countries, resulting in regres-
sion coefficients ρ>0, and ψ<0 for all basins and countries.
Price Impact on Water Demand
A classic Cobb-Douglas function is used to specify the relationship between water
demand (W) and water price (P), based on price elasticity (ξ):
(32)
where W0 and P0 represent a baseline water demand and water price, respectively.
This relationship is applied to agricultural, industrial, and domestic sectors, with
price elasticity (ξ) estimated for each of the sectors. 
Committed Flow for Environmental, Ecological, and Navigational
Uses
In the modeling framework here, committed flow is specified as a percentage of aver-
age annual runoff. Data is lacking on this variable for most basins and countries, so
an iterative procedure is used to specify this variable. The base value for committed
flows is assumed to be 10 percent, with additional increments of 20–30 percent if
navigation requirements are significant (for example, the Yangtze River Basin);
10–15 percent if environmental reservation is significant, as in most developed
countries; and 5–10 percent for arid and semi-arid regions where ecological require-
ments, such as salt leaching, are high (for example, Central Asia). The estimated val-
ues for committed flows are then calibrated for the base year relative to basin inflow,
outflow, and consumptive use. 
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Assuming minimum environmental and ecological flow requirements as a prede-
termined hard constraint in water supply, we focus on the determination of off-
stream water supply for domestic, industrial, livestock, and irrigation sectors.  Two
steps are undertaken to determine offstream water supply by sectors. The first is to
determine the total water supply represented as depletion/consumption (WDP) in
each month of a year; and the second is to allocate the total to different sectors.
Particularly, irrigation water supply is further allocated to different crops in the basin.
To determine the total amount of water available for various offstream uses in
a basin, hydrologic processes, such as precipitation, evapotranspiration, and runoff
are taken into account to assess total renewable water (TRW). Moreover, anthro-
pogenic impacts are combined to define the fraction of the total renewable water
that can be used. These impacts can be classified into (1) water demands; (2) flow
regulation through storage, flow diversion, and groundwater pumping; (3) water
pollution and other water losses (sinks); and (4) water allocation policies, such as
committed flows for environmental purposes, or water transfers from agricultural
to municipal and industrial uses. Therefore, water supply is calculated based on both
hydrologic processes and anthropogenic impacts through the model, including the
relationships listed above.
A simple network with a two-basin framework can be used as an example
(Figure A.3). Water availability in the downstream basin depends on the rainfall
drainage in the basin and the inflow from the upstream basin(s). Then surface water
balance at the basin scale can be represented as: 
(33)
in which t is the modeling time interval; ST is the change of basin reservoir stor-
age; INF is the inflow from other basin(s); OS represents other sources entering
water supply system, such as desalinized water; RL is the total release, including the
committed instream flow and spill in flooding periods; EL is the evaporation loss
(mainly from surface reservoir surface); and SWDP is the total water depletion from
surface water sources which is equal to water withdrawal minus return flow. SWDP
is determined from this water balance equation, with an upper bound constrained
by surface maximum allowed water withdrawal (SMAWW) as:
(34)
Other constraints related to the items in Equation 8 include that flow release (RL)
must be equal or greater than the committed instream flow; monthly reservoir evap-
oration is calculated based on reservoir surface area, and climate characteristics.
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Depletion from the groundwater source (GWDP) is constrained by maximum
allowed water withdrawal from groundwater (GMAWW): 
(35)
The estimation of the SMAWW and GMAWW in the base year (1995) is based
on the actual annual water withdrawal and annual groundwater pumping in 1995
(WRI 2000). Projections of SMAWW and GMAWW are based on assumptions on
future surface and ground water development in different countries and regions. In
particular, the projection of GMAWW is based on historic pumping and potential
groundwater source (measured by groundwater recharge).
A traditional reservoir operation model is developed, including all of the above
relationships of natural water availability, storage regulation, withdrawal capacity,
GMAWWDCGWDP
t
t ≤∑ /
CF1=15 ESP1=25
∆ST1=10
TRW1=100
WDP1=50
CF2=10 ESF2=0
∆ST=20
TRW2=70
WDP2=40
IRW2=30
SINK
Figure A.3—Connected flow among river basins, countries, regions
Source : Authors' assessments.
Notes : TRW indicates total renewable water; IRW, internal renewable water; WDP;
water consumption; CF, committed flow; ESP, excess spill; and ST, storage change.∆
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and committed flow requirements. The model is formulated as an optimization
model. The model is run for individual years with month as the time period. The
objective is to maximize the reliability of water supply (that is, ratio of water sup-
ply over demand, less or equal to 1.0), as
(36)
and as can be seen, the objective function also drives the water application accord-
ing to the water demand in crop growth stages (months) by maximizing the min-
imum ratio among time periods (12 months). The weight item w is determined by
trial-and-error until water supply is distributed to months approximately propor-
tional to monthly water demand.
Once the model solves for total water that could be depleted in each month
(SWDPt and GWDPt) for various off-stream uses under constraints described above,
the next step is to determine water supply for different sectors. Assuming domes-
tic water demand is satisfied first, followed in priority by industrial and livestock
water demand, irrigation water supply is the residual claimant. Monthly non-irri-
gation water demands are calculated based on their annual value multiplied by
monthly distribution coefficients. Water supply represented in depletion for dif-
ferent sectors is calculated as:
EFPFOt = min (DOWDt, SWDPt + GWDPt)
WDPINt = min (INWDt, SWDPt + GWDPt – WDPDOt)
WDPLVt = min (LVWDt, SWDPt + GWDPt – WDPDOt – WDPINt) and
WDIRt = min (IRWDt, SWDPt + GWDPt – WDPDOt – WDPLVt)
(37)
Finally, total water available for crop evapotranspiration (NIW) is calculated by
introducing the basin efficiency (BE) for irrigation systems and discount of salini-
ty leaching requirement, that is, 
TNIWt = BE . WDIRt / (1 + LR) (38)
TET can be further allocated to crops according to crop irrigation water
demand, yield response to water stress (ky), and average crop price (Pc) for each of
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the major crops considered in a basin, including rice, wheat, maize, other coarse
grains, soybeans, potatoes, sweet potatoes, and roots and tubers.
The allocation fraction is defined as: 
and, (39)
(40)
in which  ETMcp,t = ETocp,t . kccp,t is the maximum crop evapotranspiration; π is a
scaled number in the range of (0,1) and the sum of  over all crops is set to equal 1.
The effective water supply allocated to each crop is then calculated by
NIWi,t = TNIWt . πi,t (41)
Thus, irrigation water is allocated based on profitability of the crop, sensitivi-
ty to water stress, and irrigation water demand (total demand minus effective rain-
fall) of the crop. Higher priority is given to the crops with higher profitability, which
are more drought sensitive, and/or that require more irrigation water. 
Effective Rainfall
Effective rainfall (PE) depends on total rainfall (PT), previous soil moisture content
(SM0), maximum crop evapotranspiration (ETM), and soil characteristics (hydraulic
conductivity K, moisture content at field capacity Zs, and others). PE is calculated
by an SCS method (USDA, SCS 1967), given PT, ETM, and effective soil water
storage:
(42)
in which f is the correction factor that depends on the depth of irrigation, that is,
f = 1.0 if depth of irrigation per application, DI, is 75mm, (43)
f = 0.133 + 0.201*ln(Da) if DI<75mm per application, and (44)
f = 0.946 + 0.00073*Da if DI>75mm per application. (45)
Depth of irrigation application is 75mm to 100mm for irrigated land, and
150mm to 200mm for rainfed land.
If the above results in PE greater than ETm or PT, PE equals the minimum of
ETm or PT. When PT<12.5mm, PE=PT. 
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Global precipitation grids (half degree) (1961–90, monthly data) from the
University of East Anglia are used to extract the total rainfall on the crop land in
IMPACT regions/countries/basins. With crop-wise ETM and total rainfall, crop-
wise monthly effective rainfall (time series over 30 years) is calculated by the SCS
method described above. 
Moreover, the effective rainfall for crop growth can be increased through rain-
fall harvesting technology. Rainfall harvesting is the capture, diversion, and storage
of rainwater for plant irrigation and other uses, and can be an effective water con-
servation tool, especially in arid and semi-arid regions. Water harvesting can pro-
vide farmers with improved water availability, increased soil fertility, and higher crop
production in some local and regional ecosystems, and can also provide broader
environmental benefits through reduced soil erosion. Although improved water har-
vesting is often considered in connection with traditional agriculture, it also has
potential in highly developed agriculture. Advanced tillage practices can also increase
the share of rainfall that goes to infiltration and evapotranspiration. Contour plow-
ing, which is typically a soil-preserving technique, should also act to detain and infil-
trate a higher share of the precipitation. Precision leveling can also lead to greater
relative infiltration, and therefore a higher percentage of effective rainfall. A coeffi-
cient (l, λ>1) is used to reflect the addition of effective rainfall from rainfall har-
vesting at various levels,
(46)
MODEL IMPLEMENTATION
The model implementation procedure is shown in Box A.3. The model is applied
for a monthly water balance within one year. It is run through a series of years by
solving individual years in sequence and connecting the outputs from year to year.
The time series of climate parameters are derived based on past 30-year historical
records, 1961–90. In addition to a basic scenario that overlays the single historic
time series over the 1995–2025 projection period, a number of scenarios of hydro-
logic time series can be generated by changing the sequence of the yearly records.
Water supply uncertainty from various hydrologic levels can then be identified from
the statistics of multiple hydrologic scenarios.
The ending storage of one year is taken as the initial storage of the next year,
with assumed initial water storage for the base year. For those basins that have large
storage, interyear flow regulation is active in this modeling framework.
Water demand for non-irrigation sectors (DOWD, INWD, and LVWD) is
updated year by year (see Equations 27, 28, and 29) Infrastructure is updated by
stcpstcp PEPE ,,* ⋅= λ
APPENDIX A 249
Box A.3Model implementation procedure
Base Year (such as 1995)
For each group i of (group1 .. group5)
For each individual/aggregated basin j in group i
Given water demand and supply parameters in the base year
(including estimated initial reservoir storage and external inflow)
Solve WSM for water supply
Calculate outflow from basin j
End of group i 
End of all groups
Projected years (such as 1996-2025)
For each year k of (1996 -2025)
For each group i of (group1 .. group5)
For each individual/aggregated basin j in group i
Update water demand and supply parameters, including initial reservoir
storage from the end of year k-1, and inflow from other units in the
groups previously solved (for group 1, inflow is equal to 0) 
Solve WSM for water supply
Calculate outflow basin j
End of group i 
End of all groups in year k
End of all years
projections of reservoir storage, water use efficiency, and maximum allowed water
withdrawal (MAWW).
The model is run for individual basins, but with interbasin/international flow
simulated. The outflow (RL) from one basin becomes a source to downstream
basins, which is important to many international river basins such as the Nile
(Sudan, Ethiopia, Egypt, Uganda, Burundi, Tanzania, Kenya, Zaire, and Rwanda);
Mekong (China, Laos, Burma, Thailand, Cambodia, and Viet Nam); Indus
(Pakistan, India, Afghanistan, and China); Ganges-Brahmaputra (China, India,
Bangladesh, Bhutan, and Nepal); Amazon (Brazil, Peru, Bolivia, Colombia,
Ecuador, Venezuela, and Guyana); Danube (Romania, Yugoslavia, Hungry, Albania,
Italy, Austria, Czechoslovakia, Germany, Russia, Poland, Bulgaria, and Switzerland);
Niger (Mali, Nigeria, Niger, Algeria, Guinea, Chad, Cameroon, Burkina Faso,
Benin, Côte D'Ivoire); Tigris-Euphrates (Iraq, Iran, Turkey, and Syria); and Rio
Grande (United States and Mexico). 
To trace the flow connection between major international river basins, we clas-
sify the 69 basins or aggregated basins (see Figure A.2) into five groups according
to the flow direction between those basins: 
Group 1 : without upstream inflow,
Group 2 : with upstream inflow only from group 1,
Group 3 : with upstream inflow from group 2, and with/inflow from group 1, 
Group 4 : with upstream inflow from group 3 and with/ inflow from group 1 and
2, and
Group 5 : with upstream inflow from group 4 and with/ inflow from group 1, 2,
and 3. 
Group 1, without any inflow, is first solved; and then group 2, with inflow from
one or more basins of group 1, and so on. One group is ready to be solved with
inflows from all the groups that have flow release to basins in the current group. The
implementation of this spatial connection allows the model to deal with water
transfer between basins and water sharing in international river basins.
CONNECTING IMPACT AND WSM 
The WSM calculates effective irrigation water supply in each basin by crop and by
period (NIWi, t), over a 30-year time horizon. The results from the WSM are then
incorporated into IMPACT for simulating food production, demand, and trade.
Figure A.4 shows the flow chart of the IMPACT-WATER program. For each
year, initially, it is assumed that there is no water shortage,  ∆AC(W) and  ∆YC(W)
are zero, and crop area harvested and crop yields are determined based on price,
labor, fertilizer, and other inputs, and technological change. Then water availabili-
ty for crops is computed,  ∆AC(W) and  ∆YC(W) are calculated, and crop area (A)
and yield (Y) are updated, based on equations 39–40. Next, crop production and
stock are updated, and net food trade and the global trade balance calculated (glob-
al net trade should equal zero). If the trade balance is violated, then crop prices are
adjusted, and the model undertakes a new iteration. The loop stops when net trade
equals zero. Thus, crop area and yield are determined endogenously based on water
availability, price, and other agricultural inputs.
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WSM
Water available
for irrigation,
effective rainfall,
etc.
Initializing ∆A(W) =0 and Y (W) =0
Trade Balance
Allocate water to crops
Update A , Y (W)i,r i,r
A , = f(P, T ) + A , (W)
Y , = f(P, T ) + Y , (W)
r,i r,i i,r
r,i r,i i,r
∆
∆
Calculate A , Y (W)∆ ∆i,r i,r
Figure A.4—Flow chart of the IMPACT-WATER program
Source : Compiled by authors.
∆
INPUT DATA
Extensive data are required for the IMPACT-WATER modeling framework. The
information is drawn from highly disparate databases and requires an interdiscipli-
nary and international collaboration of professionals in agronomy, economics, engi-
neering, and public policy. Table A.1 describes the major data and their sources,
which are classified into six classes: water supply infrastructure, hydrology, agron-
omy, crop production and non-irrigation water demand, and water policies. The
data have been prepared for river basins (in China, India and the United States) and
countries and regions. Some data have been estimated for a 30-year time horizon
including precipitation, runoff, and evapotranspiration; other data are calibrated for
the base year and are then determined by the model for future years (including irri-
gated and rainfed crop area and yield, and crop area and yield reduction from to
water shortages). As indicated above and in Table A.1, some data came directly from
other sources, some are treated based on other sources, and some are estimated
according to related literature. 
Table A.1Input Data
Category Details Sources
Infrastructure Reservoir storage ICOLD (1998)
Withdrawal capacity WRI (2000); Gleick (1993)
Groundwater pumping capacity WRI (2000)
Water distribution, use and recycling Scenario Development Panel, World Water 
situation Vision
Hydrology Watershed delineation WRI
Precipitation CRU (1998)
Potential evapotranspiration Alcamo et al. (2000) 
Runoff Alcamo et al. (2000) 
Groundwater recharge WRI (2000); Gleick (1999)
Committed flow Authors' assessments
Water pollution (salinity) Authors' assessments
Agronomy Crop growth stages Rice provided by FAO; wheat and maize by
CIMMYT; and other crops by USDA
Crop evapotranspiration coefficients (kc) FAO (1998); Doorenbos and Kassam (1977)
Yield-water response coefficient (ky) FAO (1998); Doorenbos and Pruitt (1979)
Crop production Irrigated and rainfed area (baseline): actual 
harvested and potential FAO (1999); Cai (1999)
Irrigated and rainfed yield (baseline): actual 
and potential FAO (1999); Cai (1999)
Non-irrigation Shiklomanov (1999) for the Scenario 
water demand Industry Development Panel, World Water Vision
Shiklomanov (1999) for the Scenario 
Domestic Development Panel, World Water Vision
Mancl (1994); Beckett and Oltjen (1993); 
Livestock FAO (1986)
Water policies Committed flows Authors' assessments
Water demand growth Authors' assessments
International water sharing agreements Authors' assessments based on WRI (2000)
Investment Authors' assessments
Source: Compiled by authors.
Notes: CIMMYT indicates the International Wheat and Maize Improvement Center; FAO, the Food and
Agriculture Organization of the United Nations; ICOLD, International Commission on Large Dams; WRI,
World Resources Institute; and USDA, the United States Department of Agriculture.
GIS and other methods are used to treat these parameters. For example, orig-
inal hydrologic data are represented in a grid, and a GIS program is used to extract
the value and aggregate grids into IMPACT spatial units. Other data are given in
smaller spatial units (such as for China, the United States, and districts in India),
and the GIS program is applied to overlay the data at the smaller scales. Many other
intermediate programs were developed to estimate the required data or transfer the
original data to the format required by the models. Data required for agricultural
modeling by IMPACT are described in Rosegrant et al. (2001).
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Table A.2Water demand and supply data
Average Average Internal water Inflow
annual annual (km3) (km3)
Region/ precipitation ET0
Country (mm) (mm) average variance average maximum minimum
United States
Ohio and 
Tennessee 1,160 970 235.3 48.2 148.0 178.0 107.0
Rio Grande 405 1,795 9.7 4.0 0.0 0.0 0.0
Columbia 596 1,005 270.8 34.0 0.0 0.0 0.0
Colorado 268 1,452 32.1 8.4 0.0 0.0 0.0
Great Basin 549 947 44.0 10.9 0.0 0.0 0.0
California 558 1,685 101.3 38.2 0.0 0.0 0.0
White-Red 827 1,360 127.9 46.7 0.0 0.0 0.0
Mid Atlantic 1,072 871 252 38.3 0.0 0.0 0.0
Mississippi
Downstream 1,278 1,216 116.5 31.6 95.0 105.0 50.0
Upstream 826 848 191.2 40.1 0.0 0.0 0.0
Great Lakes-Red 760 768 202.8 18.6 0.0 0.0 0.0
South Atlantic-Gulf 1323 1365 285.4 58.4 0.0 0.0 0.0
Texas-Gulf 824 1512 78.1 25.3 0.0 0.0 0.0
Missouri 592 996 150.6 41.7 0.0 0.0 0.0
U.S. average/total n.a. n.a. 2,098 444 243 283 157
China
Huaihe 880 957 93.8 7.8 0.0 0.0 0.0
Haihe 503 1,196 42.3 9.1 0.0 0.0 0.0
Huanghe 529 1,099 71.6 16.0 0.0 0.0 0.0
Changjian 1,236 945 908.1 79.9 0.0 0.0 0.0
Songliao 530 877 198.9 24.4 0.0 0.0 0.0
Inland 235 1,035 59.9 8.7 0.0 0.0 0.0
Southwest 1,707 1,074 702.8 53.7 0.0 0.0 0.0
ZhuJiang 1,513 1,118 407.6 54.3 0.0 0.0 0.0
Southeast 1,611 1,075 145.2 34.2 0.0 0.0 0.0
China average/total n.a. n.a. 2,630 288 0 0 0
India
Sahyadri Ghats 1,095 2,311 109.7 16.9 0.0 0.0 0.0
Eastern Ghats 1,133 2,259 15.7 3.8 0.0 0.0 0.0
Cauvery 964 2,291 14.4 4.0 0.0 0.0 0.0
Godavari 1,030 2,242 111.4 26.3 0.0 0.0 0.0
Krishna 847 2,322 90.6 15.5 0.0 0.0 0.0
Indian-Coastal-
Drain 905 2,328 28.6 7.9 0.0 0.0 0.0
Chotanagpur 1,449 2,065 42.6 10.0 0.0 0.0 0.0
Brahmari 1,322 2,133 105.3 17.3 0.0 0.0 0.0
Luni River Basin 641 2,290 24.5 11.2 0.0 0.0 0.0
Mahi-Tapti-
Narmada 1,007 2,205 87.1 19.4 0.0 0.0 0.0
Brahmaputra 2,453 1,320 624.4 62.9 290.5 348.5 254.0
Indus 737 1,799 75.6 9.7 174.3 209.1 152.4
Ganges 1036 2,035 391.3 57.7 116.2 139.4 101.6
India average/total n.a. n.a. 1,721 263 581 697 508
(continued)
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Table A.2Continued
Average Average Internal water Inflow
annual annual (km3) (km3)
Region/ precipitation ET0
Country (mm) (mm) average variance average maximum minimum
European Union 15 1,013 783 1,124.6 128.9 0.0 0.0 0.0
Japan 1,512 798 274.3 56.8 0.0 0.0 0.0
Australia 512 1,580 548.1 282.9 0.0 0.0 0.0
Other developed 
countries 1,138 1,128 4,395.9 132.1 0.0 0.0 0.0
Eastern Europe 697 705 264.7 66 112.0 0.0 0.0
Central Asia 288 1080 204 45.6 20.0 0.0 0.0
Rest of former 
Soviet Union 512 661 4,005.9 241 222.0 330.0 144.0
Mexico 1,306 1,781 325.8 49.8 2.5 5.0 0.3
Brazil 1,740 1,873 6,454.9 441.3 1,900 2,350 1,600
Argentina 875 1,407 389.6 112.4 623.0 1,410.0 343.0
Colombia 2,233 1,517 1,627.8 105.6 0.0 0.0 0.0
Other Latin America 1,592 1,708 4,371.9 200 0.0 0.0 0.0
Nigeria 1,077 2,280 260.3 32.9 43.7 69.0 23.4
Northern Sub-
Saharan Africa 832 2,399 610.2 114.5 224.8 352.0 70.0
Central and western 
Sub-Saharan 
Africa 1,552 1,982 2,479.1 179.7 313.5 420.0 248.3
Southern Sub-
Saharan Africa 960 2,104 1,125.9 125.1 0.0 0.0 0.0
Eastern Sub-
Saharan Africa 1,114 2,093 327.6 66.1 24.5 80.0 10.0
Egypt 57 1,621 2.3 0.7 58.8 184.0 27.5
Turkey 586 1,304 114.9 31.9 0.0 0.0 0.0
Other WANA 417 1,605 77.4 16.9 50.5 143.0 21.5
Pakistan 424 1,952 110.5 26.3 186.0 372.0 55.8
Bangladesh 2,222 1,787 166.5 22 1,167 2,334 350.1
Other South Asia 1,257 1,467 279.1 15.7 31.2 62.0 6.2
Indonesia 2,643 1,819 2,005.3 236 0.0 0.0 0.0
Thailand 1,506 2,323 229.1 25.9 120.0 240.0 36.0
Malaysia 2,792 1,790 399.3 47.6 0.0 0.0 0.0
Philippines 2,342 1,756 199.6 29.1 0.0 0.0 0.0
Viet Nam 1,913 1,517 219.6 24.2 546.0 1092. 163.8
Myanmar 2,105 1,976 942.1 107 110.0 220.0 33.0
Other Southeast 
Asia 1,995 2,150 345.7 24.3 420.0 840.0 126.0
South Korea 1,358 952 43.8 12 2.5 5.0 0.5
Other East Asia 891 824 136 15 7.7 14.0 2.0
Rest of the world 1,622 1,504 685.3 72.4 0.0 0.0 0.0
Sources: Compiled by authors based on WRI (1998), Shiklomanov (1999), HPDGJ (1989), Qian (1991),
NIHWR (1998), and CMWR (1990-98) for river basins in China; USGS (1998) for river basins in the united
States; and ESCAP (1995) and IMWR (1998-2000) for river basins in India. 
Notes: AGR indicates the fraction of agricultural water consumption; DC, the consumption coefficient (th
ratio of consumption over withdrawal); and BE, basin efficiency.  
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Aside from some parameters already presented above, Table A.2 summarizes the
water demand and supply parameters. (These items have all been previously
described.
NOTES
1. For i belonging to livestock, QL and QE are equal to zero.
